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The response of a valved pulse combustor to changes in the relative timing between the resonant pressure wave and 
the instantaneous energy release rate has been examined. Experiments were designed to examine the pulse 
combustor's response to independent changes in the experimental conditions that resulted in nearly independent 
changes in the fluid dynamic species mixing time, the fluid dynamic mixing time of cold reactants with hot products, 
the characteristic chemical kinetics time, and the characteristic resonance time. The time scales considered in this 
study were adjusted independently to modify the coupling between the instantaneous energy release rate and the 
resonant pressure wave, thereby modifying the magnitude of the pressure oscillations and altering the frequency of 
operation. All of these experimental observations of the pulse combnstor response to variations in characteristic time 
scales are interpreted in terms of Rayleigh's criterion. 
I N T R O D U C T I O N  
Pulse combustion is a very old technology. The 
phenomenon of  combust ion-driven oscillations 
was first observed in 1777 [1], subsequently 
explained by Lord Rayleigh [2] in 1878, and used 
in a variety of  applications around the turn o f  the 
century [3-5].  One of  the better known examples 
of  a pulse combustor  is the German V-1 "Buzz  
B o m b "  o f  W o r d  War  II; an excellent review of  
this work  is given in [6]. In recent years,  there 
have been several comprehensive reviews of  the 
extensive l i terature associated with the concept [7-  
13], as well as three conferences devoted to pulse 
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combustion technology, the proceedings of  which 
document current research and development activ- 
ity [14-16].  Although the technology of  pulse 
combustion has been known for many years,  
devices using pulse combustion have not been 
implemented widely despite their many attractive 
characteristics. Compared to conventional com- 
bustion systems, their heat transfer rates are a 
factor of  two to five higher than normal turbulent 
values [17, 18], their combustion intensities are up 
to an order  of  magnitude higher,  their emissions of  
oxides of  nitrogen are a factor o f  three lower,  their 
thermal efficiencies are up to 40% higher,  and 
they may be self-aspirating, obviating the need for 
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a blower. This combination of attributes can result 
in favorable economic tradeoff with conventional 
combustors in many applications. 
Most of the research on pulse combustors has 
been directed toward applied examinations of the 
engineering aspects of pulse combustors: heat 
transfer, efficiency, frequency of operation, pollu- 
tant formation, etc. A review of the current 
literature on pulse combustion reveals a lack of 
information on the fundamental fluid dynamic, 
combustion, and heat transfer processes occurring 
in pulse combustors. In situ measurements of 
velocity, temperature, and species concentration 
are sparse, when available at all. As a result the 
design and development of pulse combustors has 
proceeded largely by trial and error, a method that 
is time-consuming and costly, and that does not 
guarantee an optimum design. The most severe 
problem facing the development of pulse combus- 
tion systems is the ability to predict a priori how to 
make these systems resonate [19]. There is confu- 
sion as to what factors affect the amplitude of 
combustor pressure oscillations. Blomquist et al. 
[20] found that the amplitude of pressure oscilla- 
tions was proportional to "heat input," while 
Katsnel'son et al. [21] state that oscillation ampli- 
tude is a much stronger function of "excess air" 
than of "heat release". There is also uncertainty 
over the behavior of frequency as a function of 
geometry, energy input, and mass input. Zinn [22] 
states that the pulse combustor can be modeled as a 
Helmholtz resonator, while Dec and Keller [23] 
found that the frequency of operation is a function 
of the magnitude of the energy input and of the 
magnitude of the mass flux. These results indicate 
that a Helmholtz resonator model is insufficient to 
predict the frequency of operation. These funda- 
mental questions must be answered before the 
prediction of an optimum resonant condition is 
possible. 
According to Rayleigh's criterion [2], the phase 
relationship between the resonant pressure wave 
and the release of energy from chemical reactions 
will control the operation of the pulse combustor. 
Therefore, in the present work a systematic study 
was carded out to understand fully the implica- 
tions of Rayleigh's criterion on the pulse combus- 
tion process and its frequency of operation. The 
phase relationship between the instantaneous en- 
ergy release rate and the resonant pressure wave is 
governed by the different characteristic times of 
the system (a species mixing time, a fluid dynamic 
mixing time, a chemical kinetics time, and a 
resonance time). The total delay time prior to 
energy release, and hence the phase relationship 
between the energy release and the resonant 
pressure wave, is assumed to be a monotonically 
increasing function of these nearly independent 
characteristic times. This total time must be some 
fraction of the characteristic resonance time of the 
system if Rayleigh's criterion is to be satisfied. 
An experimental investigation was performed in 
which each of the characteristic times contributing 
to the total ignition delay time was altered inde- 
pendently, while the natural resonance time re- 
mained approximately constant. In another series 
of experiments, the natural resonance time was 
altered while the total ignition delay time remained 
constant. In both cases, the response of the 
combustor was determined by measuring the 
combustion chamber pressure and its characteris- 
tic time of operation. It was found that by suitable 
normalization, all of the data obtained during this 
investigation could be collapsed onto a single 
curve, showing clearly the relationship between 
the magnitude of the pressure oscillations and the 
frequency of operation. 
BACKGROUND 
Rayleigh's Criterion 
The first recorded statement on the requirements 
necessary for sustained combustion-driven oscilla- 
tions was made by Lord Rayleigh in 1878 [2], very 
elegantly and without proof. Stated briefly, the 
point of energy release must be in phase with and 
at the point of maximum pressure to reinforce the 
resonant pressure wave. Presented in Fig. 1 is a 
graphic representation of Rayleigh's criterion; a 
similar discussion is given by Wood [24]. Con- 
sider an instantaneous source of energy release, 
Q, which in turn causes an instantaneous pressure 
rise. If the energy release is at the point of 
maximum pressure, 31r/2, the amplitude of the 
pressure oscillation is increased with no effect on 
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Fig. 1. Schematic representation of Rayleigh's criterion. Here 
Q represents an instantaneous source of energy release. The 
solid curve is the undisturbed combustion chamber pressure, 
and the dashed curve is the pressure after modification by the 
point source of energy release. 
the frequency (case 1). If the energy release is at 
the point of minimum pressure, 7r/2, the amplitude 
of the pressure oscillation is decreased with no 
effect on frequency (case 2). If the energy release 
occurs at ,r the frequency will increase with no 
effect on the pressure field amplitude (case 3). If 
the energy release occurs at 21r the frequency will 
decrease with no effect on the pressure field 
amplitude (case 4). These cases represent extreme 
conditions where the phase relationship between 
the energy release and the pressure oscillation 
affects only the amplitude of the pressure or the 
frequency of operation. However, if the energy 
release is at some location other than nr/2  then 
both the amplitude of the pressure wave and the 
frequency of operation will be affected. It is most 
common to focus attention primarily on the effect 
of the phase relationship on the magnitude of the 
pressure oscillations, but in the present study 
changes both in the magnitude of the pressure 
oscillations and the frequency were found to be 
significant. 
Recent work in pulse combustion has alluded to 
these predictions of Rayleigh's criterion. Keller 
and Westbrook [25] studied the response of a pulse 
combustor to changes in the homogeneous chemi- 
cal kinetic ignition delay time. They found that by 
decreasing the homogeneous chemical kinetic ig- 
nition delay, their Helmholtz-type pulse combus- 
tor became "detuned" and operated less stably. 
This behavior was interpreted as a mismatch in the 
phase relationship between the instantaneous en- 
ergy release rate and the resonant pressure wave. 
Tsujimoto and Machii [26] and Vishwanath and 
Priem [27] modeled the effects of varying the total 
ignition delay on the performance of a pulse 
combustor. In both of these studies it was found 
that changes in the ignition delay time caused 
changes in both the pressure oscillation amplitude 
and the frequency of operation. 
The mechanisms that eventually lead to energy 
release in the pulse combustor involve many 
complex and coupled processes. The problem is 
highly elliptic, and the characteristic time scales of 
the fluid dynamic mixing, the characteristic chem- 
ical kinetics time, and the natural resonant time 
may all be of the same order. Guided by earlier 
studies, the present work assumes that the control- 
ling mechanism that leads to the release of energy 
is a result of several subprocesses, each with its 
own distinct characteristic time. For the 
Helmholtz combustor used in this study, four 
characteristic times have been identified: 
1. the characteristic time required to mix the fuel 
with the oxidizer, a species mixing time rsmies; 
2. the characteristic time required to mix the 
reactants with the hot products, raising the 
temperature of the reactants to the ignition 
temperature rmai~g ; 
3. the characteristic time for the chemical reac- 
tions to occur Zki~¢; 
4. the characteristic resonance time Zr~sor~nt. 
The total ignition delay time ¢total for the release of 
energy to occur is assumed to be a function of the 
first three of these characteristic times: 
7"total=f(7"species, rmixing, "rkinetic). (1) 
It is further assumed that "/'total is a monotonically 
increasing function of these characteristic times; 
for example, it is assumed that if rmixi,g increases 
so does rto~. The phase relationship between the 
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release of energy and the resonant pressure wave 
is assumed to be controlled by the relative magni- 
tude between this total ignition delay time and the 
resonant pressure wave. This hypothesis was 
tested by measuring the response of the system to 
changes in each of these times. Although in this 
system these times are highly coupled, carefully 
designed experiments insured that changes in the 
characteristic time of interest dominated all other 
effects. These experiments were designed to mea- 
sure the influence of these characteristic times on 
the system, not the times themselves. 
EXPERIMENTAL FACILITY AND 
CHARACTERISTIC TIME SCALES 
Experimental Facility 
Figure 2 presents a schematic of the combustor 
system used in this study. One-way valves (flap- 
per-valves) are located in the reactant supply lines 
just upstream of the axisymmetric mixing cham- 
ber. These valves open and close depending on the 
pressure difference between the supply lines and 
the chamber. The combustor was operated with 
two different types of species mixing (rs~ie~). In 
the conventional mixing configuration, the reac- 
tants entered the mixing chamber separately in a 
counterflowing fashion. Alternatively, in the sec- 
ond configuration the fuel and air were premixed 
upstream of the air flapper-valve and then intro- 
duced into the mixing chamber. Dec and Keller 
[23] have compared the operation of this combus- 
tor for both premixed and conventional injection 
systems and found that this combustor operated 
favorably in this premixed mode, eliminating 
many unknowns associated with the conventional 
injection system. For all but one operating condi- 
tion presented in this work the system was 
operated premixed. 
The mean mass flow rates of the reactants were 
controlled and metered by means of sonic nozzles. 
These flow rates are reported in terms of a mass 
flux that is calculated by dividing the measured 
mean mass flow rates by the cross-sectional area 
of the combustion chamber. The reactants flow 
from the mixing chamber into a square cross- 
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Fig. 2. Schematic of  the valved pulse combustor. Shown is the reactant delivery system for 
both the conventional and the premixed operation. Dimensions are shown in millimeters. 
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section combustion chamber, 75 mm on a side and 
90 mm in length. A square contraction section 
follows the combustion chamber and joins the 
combustion chamber to the tailpipe. The tailpipe is 
made of a variable number of 200 mm sections, 
allowing the total length of the tailpipe to be 
altered, see Fig. 2. 
Diagnostics 
Measurements of characteristic cycle time, and 
combustion chamber pressure were obtained for 
this study. The data presented here were averaged 
over many cycles (mean data). The data acquisi- 
tion rate was maintained at 10 kHz, a rate 
sufficiently fast to accurately resolve the combus- 
tor operating frequency of 50-150 Hz. To include 
low frequency information (1 Hz), data were taken 
for periods of at least 10 s, providing 100,000 
individual measurements from which the mean 
stationary statistics were calculated. Both the first 
(P) and second (Prms) moments of the pressure 
probability distribution function (PDF) were cal- 
culated and are presented. A complete description 
of the facility can be found in [28]. 
Chemical Kinetics Time Scales 
Keller and Westbrook [25] and Westbrook and 
Keller [29] used a detailed chemical kinetics model 
to estimate the characteristic chemical kinetic time 
scales in the pulse combustor. The principle 
features of this model are well documented in [25, 
29], however, a brief discussion of this model is 
repeated here for convenient reference. 
The model follows the time evolution of a given 
sample of gas that consists initially of a mixture of 
fuel, air, and residual products from previous 
cycles. The computations use the HCT code [30] 
with a detailed reaction mechanism that has been 
thoroughly tested for the fuel and conditions of this 
study [31-33]. The pressure during ignition is 
assumed to be constant at 101.3 kPa, spatial 
variations in temperature and species concentra- 
tions are neglected, and energy losses during 
ignition are not considered. These assumptions are 
reasonable as long as the homogeneous chemical 
ignition delay time is much shorter than the fluid 
dynamic mixing time, which is much shorter than 
the overall period of the pulse combustor (r~an~c "~ 
"/'mixing ~ Tresonant). 
Keller and Westbrook were guided by this 
mode t in their study of the influence of fuel 
composition on the behavior of pulse combustion 
[25]. Based on their previous work Westbrook and 
Keller applied this model to the calculation of the 
homogeneous chemical ignition delay time in the 
search for a set of reactants which would lengthen 
the characteristic chemical kinetics time [29]. 
They found that the addition of small amounts of 
N2 or CO: would significantly lengthen rkinefi¢. As 
shown below, the use of N2 as a diluent will not 
significantly affect the physical or thermal proper- 
ties of the reactants, and hence only rkinetic will be 
affected. Thus, N2 was chosen as the diluent to 
control rkin~ac • 
The physical and thermal properties are invari- 
ant to the addition of small amounts of N2 as a 
diluent for several reasons. Both 02 and N2, being 
diatomic molecules with similar molecular 
weights, have similar physical and thermal proper- 
ties. Moreover, N2 is already the major constituent 
of air, so small changes in the amount of N2 will 
cause negligible changes in the physical and 
thermal properties of the reactants. Consequently 
the adiabatic flame temperature (for lean combus- 
tion) and the fluid dynamic behavior are invariant 
whether 02 or N2 is chosen as the diluent. 
Although the thermal and physical properties 
are invariant to the species chosen as the diluent 
rkj~¢ is not species independent. Consider a 
simple one-step reaction rate of the Arrhenius 
form with CH4 as the fuel 
Reaction Rate = Const[O2][CH4] exp( - E/RT). 
Because the adiabatic flame temperature is not a 
function of the species used as a diluent (02 or 
N2), the exponential term is also species indepen- 
dent. However, the preexponential term is a 
function of 02 concentration, and hence is species 
dependent. Thus, as the N2 concentration in- 
creases (displacing 02) Tkineac increases through a 
decrease in the probability of a collision occurring 
between O2 and CH4. Hence, only rki~c (and 
therefore r~t~) will be altered. 
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F l u i d  Dynamic Time Scales EXPERIMENTAL INVESTIGATION 
The mixing model of Rife and Heywood [34, 35] 
was recently extended and applied to the injection 
process that occurs in a pulse combustor [36]. This 
model is based upon the assumption of similarity 
profiles obtained in nonreacting turbulent jets, and 
thus it incorporates all of the physical transport 
processes (turbulent and molecular mixing) that 
are responsible for these "universal profiles." 
Bramlette [36] hypothesized that for the case of 
"fast"  kinetics (i.e., when the chemical ignition 
delay time scale is much less than the acoustic and 
fluid dynamic time scales of the combustor, z~ac 
"~ rmi~i~g), the rate of fluid dynamic mixing may 
be used to predict the timing and instantaneous rate 
of energy release in a pulse combustor. 
Bramlette performed a series of calculations to 
determine the sensitivity of the predicted mixing 
rate to mass flow rate, jet radius, combustion 
product temperature, density ratio, and the tem- 
perature required for chemical ignition to begin, 
T~x [36]. The mass flow rate was found to have 
the most significant effect. Bramlette showed that 
the mixing time rmixing scaled with ro/uo, where r0 
is the jet radius and u0 is the inlet jet velocity. In 
the present work, rmi,ang was modified by changing 
the mass injection rate and, hence, the injection 
velocity. 
Effects of Characteristic Kinetics Delay Time 
Keller and Westbrook [25] established the use of 
Rayleigh's efficiency ~ as a measure of the 
behavior of the pulse combustor, where ~ is 
defined by 
f' 0, o 
R 
Const = - -  (2) 
MCpP(~t 
Here, Cp is the specific heat at constant pressure; 
R is the universal gas constant; M is the mole 
averaged molecular weight; P is the mean pres- 
sure; P' (~) is the perturbation of pressure about 
the mean, P'(~') = P - P(~); Q is the mean 
energy release rate; Qt is the total energy release 
rate; Q'(~') is the perturbation of the instantaneous 
energy release rate about the mean; Q'(~') = Q 
- Q(g-); and ~- represents time normalized by the 
total cycle time. Shown in Fig. 3 is a comparison 
of Rayleigh's efficiency ~ and Prms for the 
conventional injection mode. Figure 3 shows that 
Prms and ~ exhibit the same trends, suggesting 
that Prms can be used as a measure of the response 
of the pulse combustor to changes in the relative 
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Fig. 3. Comparison of Rayleigh's efficiency (Eq. 3) and the magnitude of the oscillating 
component of  the combustion chamber pressure as a function of mass flux. 
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phase between the instantaneous energy release 
and the resonant pressure wave. For this study 
Prms is used to measure the response of the pulse 
combustor to changes in this relative phase rela- 
tionship. 
The effect of systematic dilution of the fuel-air 
mixture with N2 was studied in a series of 
experiments in the premixed configuration, with 
the observed values of the magnitude of the 
pressure oscillations and frequency plotted in Fig. 
4. For each value of the equivalence ratio 
between 0.6 and 1.2, the pulse combustor was 
operated with varying amounts of N2 diluent. 
Since dilution by an inert species displaces some 
fuel and air in the incoming reactant mixture, this 
dilution is actually reflected in Fig. 4 as a net 
decrease in the fuel mass flow rate. The dashed 
curves in Fig. 4 show the results when no diluent 
was added. In every case, dilution by additional N2 
resulted at first in an increase in the magnitude of 
the pressure oscillations until a maximum value 
was attained (Prmsm~x), following which the mag- 
nitude of the pressure oscillations steadily de- 
creased. Moreover, throughout the entire se- 
quence of increased dilution, the frequency was 
observed to decrease monotonically. 
Dilution of a given fuel-air mixture reduces the 
amount of energy released per unit mass of 
reactant mixture. However, it is clear from the 
results in Fig. 4 that there is a distinct regime 
where, in spite of the reduced rate of energy 
release, dilution enhances the coupling between 
the instantaneous energy release rate and the 
pressure oscillations in the combustor. On the 
basis of Rayleigh's criterion, the observed behav- 
ior indicates that without dilution the instantaneous 
energy release rate is taking place prior to the 
attainment of the maximum value of the pressure 
oscillations. Dilution retards the energy release 
phase and increases the value of rkine~c, which 
increases the value of rto~, thereby improving the 
coincidence between the instantaneous energy 
release rate and the pressure oscillations. As the 
value of r k i ~  is increased further, eventually the 
instantaneous energy release rate occurs after the 
time of maximum pressure. Again reasoning on 
the basis of Rayleigh's criterion, the steady reduc- 
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Fig. 4. Combust ion chamber  pressure rms (upper) and operat- 
ing frequency (lower) shown as functions of mean fuel-mass 
flow rate. These data are plotted as lines of constant equiva- 
lence ratio. These data were obtained by maintaining the mass 
flux and the equivalence ratio constant while varying the 
amount of N2 diluent. Shown are data for equivalence ratios in 
the range of 0.6 to 1.2 at a mass flux of 1.0 kg sec -J m -~. 
energy release rate and the pressure oscillations 
produces a decrease in the peak values of the 
pressure oscillations. The monotonic decrease in 
the operating frequency with N2 dilution observed 
in Fig. 4 is also predicted from Rayleigh's 
criterion, as discussed earlier. 
The same reasoning has been used previously 
by Keller and Westbrook [25] to interpret experi- 
mental results in which the fuel composition was 
varied. Using the conventional pulse-combustor 
configuration, it was observed that when the fuel 
consisted of methane, the instantaneous energy 
release rate occurred at a time slightly earlier than 
the time of peak pressure. When a mixture of 
methane and ethane was used (0.85CH4 + 
0.15C2H6), the process of ignition was acceler- 
ated, reducing Tki~c- Because the instantaneous 
energy release rate was already too early (i.e., 
before the time of peak pressure), accelerating the 
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ignition phase further reduced the correlation 
between the instantaneous energy release rate and 
the pressure oscillations and reduced the value of 
Prms. 
Effects of Total Energy Release Rate 
As found by other researchers, there is an effect of 
the absolute magnitude of the energy release rate 
on the magnitude of the pressure oscillations. 
According to Rayleigh's criterion (Fig. 1), if the 
phase relationship between the energy release rate 
and the pressure oscillations is at a point to create a 
maximum in Prms (Prmsm~) the influence of the 
energy release on the frequency is minimized. The 
frequency at which Prmsn~ is located is the 
natural resonant frequency of the device, for the 
given operating conditions, and geometry. The 
dependence on the phase relationship between the 
resonant pressure wave and the energy release rate 
is eliminated in Prmsm~x. For a given geometry 
Prmsmx is only a function of the absolute magni- 
tude of the energy release rate. 
To illustrate the pressure oscillation's depen- 
dence on the magnitude of the energy release rate, 
Prmsm~ for each case in Fig. 4, along with two 
other mass flux cases, is plotted in Fig. 5. The 
magnitude of the pressure oscillations (along lines 
of constant mass flux) increases with increasing 
equivalence ratio as shown in the data. This 
increase in Prmsm~x continues up to an equivalence 
ratio of 1.0, corresponding to increasing energy 
release rates. Similarly as the equivalence ratio 
continues to increase into the rich region, Prmsm~x 
decreases slightly, due to lower energy release 
rate. Furthermore, except at the lowest value of 
the equivalence ratio, Prmsm~x increases with 
increasing mass flux, since the higher total mass 
flux is accompanied by a higher fuel mass flux and 
a correspondingly larger energy release rate. 
Two of the curves for constant mass flux are 
remarkably similar in shape (mass fluxes of 0.8 kg 
s -I m -2 and 1.0 kg s -I m-2). In contrast, for the 
highest mass flux of 1.2 kg s-1 m-2, P r m s m a  x falls 
more rapidly with decreasing equivalence ratio 
than for the other cases. This somewhat anoma- 
lous behavior can be explained by the results of the 
mixing and kinetic models. According to the 
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Fig. 5. P r m s ~ ,  plotted as a function of  equivalence ratio for 
the three mass flux cases studied (0.8, 1.0, 1.2 kg  sec -~ m-2) .  
Prmsm~ is defined to be the peak value of  Prrns for each of the 
constant equivalence ratio cases shown in Fig. 5. 
mixing model, rmixi,g decreases with increasing 
total mass flux. Therefore, in order to increase 
7"to ~ to achieve a maximum in Prms, zva~ac must be 
increased a great deal through the addition of a 
significant quantity of excess N2. Large amounts 
of dilution can cause a significant change in the 
temporal shape of the instantaneous energy release 
rate with time, and this trend may be responsible 
for the results shown in Fig. 5 at high values of the 
total mass flux and low values of the equivalence 
ratio. The effect of the temporal shape of the 
instantaneous energy release rate on the resonant 
behavior of the pulse combustor is not well 
understood, and is an area of current research. 
The characteristic chemical kinetics time 
(ru,eac) was changed by the addition of N2, 
providing control over the total ignition delay 
(Zto~). Under conditions of constant equivalence 
ratio the amount of fuel in the system is an inverse 
function of the amount of N 2 added, which 
changes the magnitude of the energy release rate. 
To remove any effects caused by a change in the 
energy release rate, additional data were taken at 
constant fuel flow rate, and thus with a constant 
average energy release rate (constant adiabatic 
flame temperature). Figure 6 shows the results of 
this measurement. The data presented here were 
obtained by maintaining the mass flow rate of fuel 
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and the total mass flux constant and varying the 
amount of N2 diluent to lengthen the characteristic 
chemical kinetics time. In the absence of excess 
diluent, the instantaneous energy release rate 
occurs prior to the time of peak pressure; as 02 is 
displaced by excess N2 and the equivalence ratio 
increases, '/'kinetic grows larger and "rto ~ therefore 
provides an improvement in the phase relationship 
between the instantaneous energy release rate and 
the resonant pressure wave. This increases the 
magnitude of the pressure oscillations and de- 
creases the frequency. This particular data set did 
not have sufficient dynamic range to locate 
Prmsmax while keeping the equivalence ratio less 
than 1.0. Nevertheless, the results shown in Fig. 6 
provide a further example of the applicability of 
Rayleigh's criterion. 
Effects of Species Mixing Time 
According to Rayleigh's criterion (Fig. 1), if the 
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Fig. 6. Prms (upper) and frequency (lower) shown as a 
function of equivalence ratio for a constant mass flow rate of  
fuel (0.22 g s-J) .  These data were obtained by maintaining a 
constant total mass flux and the mass-flow rate of  fuel, and 
varying the amount of/'42 diluent, which causes the equivalence 
ratio to vary. 
increased then Prms increases and the frequency 
will decrease. All the data presented so far were 
obtained while operating the combustor under 
premixed conditions, eliminating Z~p~cs. Operat- 
ing th~ combustor under a conventional mixing 
configuration will increase the total mixing time 
due to a nonzero contribution of rspecies. When the 
pulse combustor was operated in the conventional 
mode (~'sp~ie~ > 0), the value of Prms was 
observed to increase from 6.2 kPa to 7.0 kPa, and 
the frequency was found to decrease from 55 Hz to 
48 Hz. 
In all three cases, the dilution of the fuel-air 
mixture by the addition of N:, the addition of 
ethane to the methane fuel, and the change from 
conventional to premixed operation, the observed 
behavior is easily interpreted in terms of Ray- 
leigh's criterion and the correlation between the 
time of energy release and the time of maximum 
pressure in the combustion chamber. 
Effects of Natural Resonant Frequency 
Rayleigh's criterion states that it is the relative 
phase relationship between the instantaneous en- 
ergy release rate and the resonant pressure wave 
that is important. As discussed above the natural 
resonant frequency of this device for a given 
operating condition is at the point of Prmsm~x. The 
natural resonant frequency is a function of both 
geometry and temperature of the gases in the 
combustor chamber and the tailpipe. Figures 4 and 
6 present data where the total ignition delay time 
was varied, while the geometry remained con- 
stant. Holding the geometry constant maintained 
the natural resonance time (the inverse of the 
natural resonance frequency) constant, within the 
ability to maintain constant temperature. The 
phase relationship between the instantaneous en- 
ergy release rate and the resonant pressure wave 
can also be altered by maintaining the total ignition 
delay time constant and changing the geometry 
and, hence, the natural resonance time. This was 
accomplished by systematically changing the tail- 
pipe length; the results are summarized in Fig. 7, 
in which Prms and frequency are plotted as 
functions of tailpipe length. The initial conditions 
for the baseline case were chosen so that the 
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instantaneous energy release rate was slightly later 
than the peak resonant condition. Therefore, when 
the natural resonance time is lengthened, Prms 
goes through a maximum and the frequency 
continues to decrease. The location of  this local 
maximum in Prms is at the position of  maximum 
pressure oscillation reinforcement. This local 
maximum in Prms is again interpreted in terms of 
Rayleigh's criterion and the correlation between 
the resonant pressure wave and the time of  energy 
release. As the tailpipe length continues to in- 
crease the magnitude in the pressure oscillation 
increases slightly. This slight increase may be 
caused by a number of  effects other than the phase 
matching of  the resonant pressure wave with the 
timing of  the energy release, which resulted in the 
local maximum. The reason for this increase is an 
area of  current investigation. 
Pressure Amplitude Versus Frequency 
Rayleigh's criterion predicts that there should be a 
relationship between the resonant pressure wave 
and the frequency of  operation. The data presented 
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in Figures 4-7  were obtained by carefully modify- 
ing the phase relationship between the instantane- 
ous energy release rate and the resonant pressure 
wave. To examine the relationship between the 
resonant pressure wave and the frequency of 
operation, the pressure and frequency data pre- 
sented above are plotted in Fig. 8, showing the 
pressure rms as a function of  operating frequency. 
The data from Fig. 6 were not included because 
they did not have sufficient dynamic range to 
allow determination of  the optimum phase rela- 
tionship between the instantaneous energy release 
rate and the resonant pressure wave. The data in 
Fig. 8 show significant scatter, indicating no clear 
correlation between the two variables. 
Many experimental quantities were changing 
simultaneously, making it difficult to extract infor- 
mation about specific controlling parameters. For 
example, the natural resonance frequency of  the 
combustor is affected both by the instantaneous 
energy release rate and by the rate of  heat transfer 
in the tailpipe. To facilitate more meaningful 
analysis o f  the above data, the pressure and 
frequency data were transformed in the following 
way. The pressure oscillations Prms were normal- 
ized by the peak in the pressure oscillation 
(Prmsmx), removing the influence of  the magni- 
tude of  the energy release rate on Prms. The 
influences of  temperature and geometry were 
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eliminated by normalizing the frequency by the 
natural resonant frequency of the device. This 
natural resonance frequency was determined ex- 
perimentally as the frequency at Prmsm~x, where, 
by Rayleigh's criterion, there is no influence on 
the frequency due to the location of the instantane- 
ous energy release rate. It was assumed that the 
rate of heat transfer in the tailpipe was unaffected 
by the addition of diluent. (This assumption is 
reasonable because the heat transfer was limited 
by the natural convection on the outside walls). 
The temperature of the combustion products can 
be a function of N2 diluent and can produce a 
change in the effective natural resonance fre- 
quency. This effect is weak, because the frequency 
is a function of the square root of temperature. The 
influence of temperature on the natural resonance 
frequency was, however, included by assuming 
that the change in the natural resonant frequency is 
a function only of the temperature of the hot gas 
products, as given by 
f .  = f ~ x  7", ~ (3) 
Here f~ represents the corrected natural resonant 
frequency; fmx is the frequency at Prmsma~ for a 
given equivalence ratio, mass flux, and geometry; 
T~ is the adiabatic flame temperature at the actual 
equivalence ratio and diluent loading; and Tm~x is 
the adiabatic flame temperature at peak pressure. 
Equation 3 therefore represents a correction to 
changes in the natural resonance frequency caused 
by changes in the adiabatic flame temperature due 
to modification in the amount of N2 diluent. 
Normalizing the frequencies in Fig. 8 by the 
natural resonant frequency given by Eq. 3 and 
normalizing the pressures by Prmsmax all of the 
data collapse onto the curve shown in Fig. 9. The 
only data that appear to be noise in Fig. 9 are those 
cases from Fig. 7, shown here as circles, which 
are the extremes in tailpipe length. These data 
were on the limits of stable operation and, hence, 
one would expect these data to be noisy. However, 
all of the other tailpipe lengths fit the normalized 
data very well. This shows the relationship be- 
tween the normalized frequency and the magnitude 
of the pressure oscillations is a function of only the 
phase relationship between the instantaneous en- 
ergy release rate and the resonant pressure wave. 
l . i  
t .0  
~ 0 . 9  
~ 0 . 8  
N 
H 




vvx o q~ • 
• " ~ v  0 
÷ 
• V "N 
0 . 5  I I I I I I I I I I 
0 . t l  0 . 6  O. f l  i . O  i .  p' 4..4 
NORNALIZED FREQUENCY 
.6 
Fig. 9. Normalized Prrns versus normalized frequency, show- 
ing the relationship between the magnitude of the pressure 
oscillations and the frequency of  operation. Also shown are the 
data from Fig. 7, which are plotted as circles. 
When normalized in this manner the agreement 
among these data is excellent. 
SUMMARY AND CONCLUSIONS 
A systematic study has been performed in which 
the influence of individual characteristic times on 
the performance of a Helmholtz-type pulse com- 
bustor was examined. It was found that under the 
conditions examined, the response of this pulse 
combustor was explained by the phase relationship 
between the resonant pressure wave and the 
instantaneous energy release rate. In addition, 
under the conditions examined, the magnitude of 
the pressure oscillations and the frequency of 
operation were stronger functions of this phase 
relationship than they were of the magnitude of the 
energy release rate. In fact, in many cases the 
magnitude of the pressure oscillation increased as 
the magnitude of the energy release rate de- 
creased. It has been shown that the relative phase 
relationship between the temporal location of the 
instantaneous energy release and the resonant 
pressure wave can be determined by examination 
of Prms to systematic changes in rkineac. 
The delay time of the instantaneous energy 
release rate (total ignition delay time) is controlled 
by four individual processes. These individual 
processes were modified separately to alter the 
44 J . O .  K E L L E R  E T  A L .  
phase relat ionship be tween  the energy  release rate 
and the resonant  pressure  wave .  It is only through 
their  contr ibut ion to the total de lay  t ime that the 
phase relat ionship be tween  the resonant  pressure  
wave  and the instantaneous energy  release rate 
was affected,  and it is this total delay t ime that is 
the impor tant  factor  in de te rmin ing  the response  o f  
the pulse  combustor .  
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